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ABSTRACT

The novel Gaia multi peak (GMP) technique has proven to be able to successfully select dual and lensed active galactic nuclei (AGN)
candidates at sub-arcsecond separations. Both populations are important because dual AGN represent one of the central, still largely
untested, predictions of ACDM cosmology, and compact lensed AGN allow us to probe the central regions of the lensing galaxies.
In this work, we present high-spatial-resolution spectroscopy of 12 GMP-selected systems. We used the adaptive-optics assisted
integral-field spectrograph MUSE at the VLT to resolve each system and investigate the nature of each component. All targets show
the presence of two components confirming the GMP selection. We classify 4 targets as dual AGN, 3 as lensed quasar candidates,
and 5 as a chance alignment of a star and an AGN. With separations ranging from 0.30” to 0.86", these dual and lensed systems are
among the most compact systems discovered to date at z > 0.5. This is the largest sample of distant dual AGN with sub-arcsecond

separations ever presented in a single paper.
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1. Introduction

Supermassive black hole (SMBH) pairs at sub-kiloparsec scales
(~0.5") are expected to form at the center of galaxies during the
hierarchical assembly of structures(e.g., Begelman et al. 1980;
Mayer et al. 2007). During galaxy mergers, SMBH pairs can
undergo orbital decay via dynamical friction, form a gravita-
tionally bound binary (e.g., Kelley et al. 2017; Volonteri et al.
2022, among many others), and eventually coalesce with the
associated emission of gravitational waves (GWs), as was pre-
dicted by Albert Einstein’s general theory of relativity (Einstein
1936). Dual active galactic nuclei (AGN) are systems contain-
ing two active nuclei powered by accretion onto two different
SMBHs that are nested inside their host, but that are not yet
mutually gravitationally bound. These systems are the natural
precursors of coalescing binary SMBHs, which are strong emit-
ters of low-frequency GWs (Colpi 2014). Quantifying their over-
all abundance would help us to estimate the GW event rate in
the future ESA mission Laser Interferometer Space Antenna
(LISA), which will unveil the rich population of SMBHs of

* Corresponding author; martina.scialpi@unitn.it,
martina.scialpi@unifi.it, martina.scialpi@inaf.it

~10*7 M, forming in collisions out to redshifts as large as z ~
20 (e.g., Amaro-Seoane et al. 2023; Arzoumanian et al. 2018).
Moreover, dual AGN are relevant to understanding the theo-
ries of hierarchical structure formation, growth, and demography
of SMBHs, AGN fuelling and feedback, and the role of merg-
ing in AGN evolution (Satyapal et al. 2014; Perna et al. 2023;
Sedda et al. 2023). The discovery of two nearby AGN at the
same redshift can reveal the presence of a dual system (two
different SMBHs), but can also be due to the lensing of a sin-
gle quasar (QSO) by an intervening foreground galaxy. Lensed
systems at small projected separations are a powerful tool with
which to address key questions in astrophysics, like studying
intrinsically faint and distant lensed sources, investigating dark
matter properties of the deflector (Massey et al. 2010), and pro-
viding constraints on fundamental cosmological quantities, like
the Hubble constant, the cosmological constant, and the den-
sity parameter of the Universe (Wong et al. 2020; Lemon et al.
2024). These studies are possible since many properties of the
lensed systems depend on the age, scale, and overall geome-
try of the Universe. Therefore, both dual and lensed AGN are
very powerful tools with which to answer a wide range of open
questions.
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The direct observation of dual and lensed AGN at such small
separations is challenging due to the combination of their rarity
and the limited spatial resolutions of current wide-field facili-
ties. The ESA Gaia satellite (Gaia Collaboration 2016) has been
used in various ways to select these elusive systems. For exam-
ple, dual and lensed systems have been discovered by looking for
multiple Gaia sources associated, within a few arcsecond, with
known AGN (Lemon et al. 2017; Chen et al. 2022; Shen et al.
2023). In addition, source variability can also be exploited
to find multiple AGN, as was proposed by Kochanek et al.
(2006) and employed by Krone-Martins et al. (2019), among
others. More compact systems have been identified by look-
ing for the astrometric jitter associated with AGN variabil-
ity in unresolved dual systems (“varstrometry”; Hwang et al.
2020; Shenetal. 2019; Gross et al. 2023). Despite all these
efforts, until recently, very few dual AGN with separations below
~Tkpc have been confirmed at z > 0.5 (e.g., Lemon et al.
2019; Chen 2021; Chen et al. 2023b; Glikman et al. 2023, see
Mannucci et al. 2023 for a full list), making any quantitative test-
ing of cosmological predictions impossible, especially at high
redshift.

Recently, a novel technique dubbed “Gaia multi-peak”
(GMP; Mannucci et al. 2022) was developed by our group to
obtain large and reliable samples of dual and lensed AGN
candidates with sub-arcsecond separations. This method looks
for AGN that present multiple peaks in the 1D light profiles
observed by Gaia. The GMP method consists of selecting AGN
with large values of the parameter ipd_frac_multi_peak
(FMP) provided in the Gaia catalog since the Early Data Release
3 (EDR3, Gaia Collaboration 2021). This parameter gives the
fraction of differently oriented scans in which the object appears
to have multiple light peaks. The statistical properties of the
GMP selection have been described in Mannucci et al. (2022)
and Mannucci et al. (2023).

GMP-selected objects could be physically associated dual
AGN, gravitationally lensed systems, or an AGN projected close
to a foreground, Galactic star. Therefore, accurate, spatially
resolved spectroscopy is necessary to unveil the nature of each
system. Integral field spectroscopy is particularly well-suited to
extract spatially resolved spectra of each component of these
systems because, in most cases, the positions of the various com-
ponents are not known a priori. Moreover, either space obser-
vations or the use of adaptive optics (AO) from the ground are
needed due to the small angular separations of the components.
The first spatially resolved spectra of GMP-selected systems,
obtained with Keck/OSIRIS (Larkin et al. 2006) and HST/STIS,
were presented by Mannucci et al. (2022, 2023) and Ciurlo et al.
(2023).

Our aim is to discover and classify more GMP dual-AGN
candidates. Here, we present AO-assisted observations with
MUSE (Multi Unit Spectroscopic Explorer, Bacon et al. 2010)
narrow field mode (NFM) at ESO VLT (Very Large Telescope),
of 12 GMP-selected systems at z > 0.3, the largest such sample
to date. We also present the spectral-decomposition analysis that
we applied to spatially unresolved spectra to identify the AGN
plus star systems, and to remove them from the target list of the
AO observations.

The manuscript is structured as follows. In Sect. 2, we
present the target selection and how an accurate analysis of the
integrated spectra can help removing the AGN-star systems. In
Sects. 3 and 4, we describe the observations and the steps taken
to analyze the spectra and identify the nature of each compo-
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nent. In Sect. 5, we analyze and classify each system. Finally, in
Sect. 6 we summarize our findings and discuss their implications
in the larger context of observed dual AGN at small separations,
comparing them with other results from the literature.

2. Target selection

We selected 12 targets observable from VLT from a starting sam-
ple of AGN with FMP > 8§, to ensure the presence of a double
source (Mannucci et al. 2022).

Among these systems, we selected targets with the fol-
lowing requirements: a declination accessible from Paranal
(Dec < +15°); a far-enough distance from the galactic plane
(Ib] > 15°) to reduce stellar contamination; and a sufficient
brightness in the near-IR to be used as tip-tilt (TT) star for the
MUSE AO system (J < 17.5). This threshold was chosen to be
one magnitude brighter than the limit given in the MUSE manual
for P109, to allow for AO observations in turbulence class up to
50%. J band magnitudes were either obtained from 2MASS, or
estimated from the observed Gaia Bp and Rp magnitudes with an
uncertainty of ~0.27, as described in the appendix. Moreover, we
chose targets far from large galaxies in the Local Group (mainly
M31, Large and Small Magellanic Clouds) in order to decrease
stellar contamination. Finally, we preferentially selected objects
with z > 0.5 to probe the redshift range at which most of the
merging activity was expected (Chen et al. 2023a), and to avoid
the presence of bright host galaxies that could affect the GMP
selection (Mannucci et al. 2022).

Nine of the targets were selected among spectroscopically
confirmed AGN, ; that is, objects for which previous ground-
based, seeing-limited spectroscopy is available (Sect. 2.1).

We complemented this sample with 3 additional photometric
GMP-selected quasars (see Sect. 2.2) from the AGN Gaia cata-
log for which only low-resolution spectroscopy (R ~ 20-100)
from Gaia is available.

The observations were carried out from July 2022 to March
2023. The main properties of these 12 targets are reported in
Table 1.

2.1. Spectroscopic targets

We chose nine sources among ~300 GMP-selected targets with
spectroscopic redshift from the Milliquas v7.2 catalog (Flesch
2021) and from our own spectroscopic follow-up (Program
ID:109.22W4, PI: Mannucci) obtained with the ESO Faint
Object Spectrograph and Camera (v.2, EFOSC2) at the New
Technology Telescope (NTT). The results of this spectroscopic
campaign will be presented in a future publication.

The spectra of part of the sample were examined to exclude
objects showing the presence of a star in their ground-based
unresolved spectrum. To achieve this, we developed the novel
procedure described in the next section.

Decomposition of ground-based spectra

To identify the systems resulting from chance alignments
between AGN and Galactic stars, we developed a procedure
to examine the total combined spectra of unresolved multi-
ple GMP-selected sources before the MUSE follow ups. This
method enabled us to eliminate from the target list those sys-
tems showing significant stellar features at velocity ~0 km/s with
respect to Earth, indication that the companion of the AGN is a
star (see also Shen et al. 2023).
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Table 1. Main properties of the targets observed with VLT/MUSE.

Target RA Dec Redshift FMP  Gaia Sep. J Gl G2 Spectrum Texp Observation
(@) source (min:s) date
J0007+0053 00:07:10.02  +00:53:29.0  0.318 12 0.792 1599 17.68 1934 SDSS® 19:06 11/20/22
J0015-2526 0 00:15:43.93  -25:26:17.7  0.969 62 - 1527  16.27 - NTT @ 19:06 12/20/22
J0052-3045 ) 00:52:37.98  —30:45:52.2 1.462 44 - 17.63  19.78 - 2Qz® 26:42 12/24/22
J0128-0444 01:28:37.44  —04:44:01.5 1.631 15 - 1772 20.42 - SDSS! 34:20 08/20/22
J0402-3237 04:02:15.06  -32:37:33.4 1.280 16 0.661 17.19 1947 20.63 Lemon®  27:12 10/19/22
J0525-4153 05:25:35.88  —41:53:46.1 2.155 26 - 1695  18.17 - Gaia ® 26:42 12/29/22
J0545-2236 05:45:09.38  —22:36:33.5 2.488 21 0.554 1731 1951 2011  Gaia® 26:42 01/15/23
J0840-0529 08:40:04.14  —05:29:11.1 1.393 55 - 17.01  18.34 - Gaia ® 26:42 01/25/23
J1059+0622%)  10:59:26.44  +06:22:27.1 2.199 27 0.592 1598 17.47 1795 SDSS® 19:06 01/27/23
12139-4331 21:39:57.14  —43:31:01.7  0.485 10 0.666 1636 18.57 18.68 NTT? 19:06 11/20/22
12211-0009 22:11:11.00  —00:09:53.4  0.667 24 - 17.17  19.26 - SDSS 34:20 07/03/22
12228-3047 22:28:49.43  —30:47:34.5 1.948 28 - 16.87  18.19 - 2Q2® 34:20 08/21/22

Notes. Separations (in case of multiple objects), G-band magnitude of the primary component (G1), G-band magnitude of the secondary component
(G2, in case of multiple objects), and FMP are extracted from the Gaia catalog; J-band are derived from Gaia Bp and Rp photometry, as is described
in the appendix. Redshift is obtained from spatially unresolved spectra whose origin is reported in the table. Ty;, is the total exposure time of the
MUSE observations. “)Targets on which we applied the decomposition method described in Sect. 2.1. : Lyke et al. (2020); ®: our observations
at ESO/NTT (Program ID:109.22W4); ®: Croom et al. (2009); ®: Lemon et al. (2020); ©: Gaia quasars candidate catalog, Gaia Collaboration

(2023).

Ground-based spectroscopic data (see Table 1) covering both
components of the pairs were primarily used to detect the pres-
ence of an AGN and to measure its redshift. In GMP-selected
systems, the luminosity ratio between primary and secondary
component is usually less than a factor of six for all the objects
with G > 18.5 (Mannucci et al. 2023). Both components are
expected to contribute significantly to the observed spectrum. As
a consequence, we proceeded by decomposing the total ground-
based spectrum into a combination of a quasar and a star with an
innovative routine (see Appendix A in Mannucci et al. 2023 for
the first application of this routine).

For the dust-obscured quasar component, we adopted the
parametric spectral energy distribution (SED) model from
Temple et al. (2021) to reproduce the average observed quasar
spectra across the redshift range 0 < z < 5.

For the stellar component, we used a library consisting of
a combination of the MaStar (MaNGA Stellar Library) survey
from SDSS-IV (see Yan et al. 2019), covering the spectral range
3622-10354 A at a resolving power of R ~ 1800. We only con-
sidered stars of spectral types G, K, and M, as hotter stars are
very rare at high Galactic altitudes. To fit the observed spec-
tra, we considered all the possible combinations of 30 stellar
spectra and 6 emission-line QSO templates (see Appendix B in
Temple et al. 2021 for details). Different QSO templates span
from the minimum to the maximum of the range of observed
QSO SEDs, accounting for different levels of ionization of
emission-line regions. The decomposition routine degrades the
spectral resolution of the template spectra to be the same of
the observed data and finds the linear combination of stellar
and QSO templates that provides the best-fit to the observed
spectrum.

The free parameters of our decomposition procedure include
the stellar spectral class, the amount of dust extinction in the
QSO spectrum, Ay, E(B - V), and the redshift of the QSO, zgso,
if not previously known. Other free parameters include the flux
normalization of the two components, F, and Fgso, and the
radial motion of the stellar companion, allowing for a maxi-
mum shift of the stellar spectrum of +300km/s' For each set

! See Lindegren & Dravins (2021) for a comparison of astrometric and

spectroscopic nearby stellar motion measurements.

of parameters we test every possible combination of stellar plus
QSO templates, performing a loop over the parameter space until
obtaining the set of free parameters that minimizes the resid-
uals. Before comparing the modeled and observed spectra, we
accounted for the spectral resolution of ground-based observa-
tions by degrading the templates resolution. This is necessary to
properly compare emission and absorption features which play a
key role in this routine. Since in many cases we observe the co-
presence of strong QSO emission lines and weak stellar absorp-
tion lines, we determine whether to include a stellar component
by estimating the y? over the main stellar absorption features for
each spectral type.

With all these ingredients, we ran the spectral decomposition
and classified a system as an alignment of an AGN and a star if
the addition of a stellar component decreases the y> computed
over the main absorption lines by at least 30%. While fitting the
data with a combination of QSO and stellar templates, and in
order to reduce degeneracies between different spectra combi-
nation, we also imposed that the magnitudes of the primary and
secondary systems obtained from the fit be within the sensitivity
limits of the GMP method (see Fig. 2 in Mannucci et al. 2023).
This decomposition requires a S/N and a resolution of the spectra
sufficient to identify and characterize the features of the star. We
expect this decomposition routine to be very effective in reveal-
ing the presence of a star if it has similar apparent luminosity of
the primary QSO. If the luminosity ratio is close to the largest
value allowed by the GMP selection (~2 mag for targets with
G < 18.5), this procedure could be unable to detect the presence
of a star.

We developed this optimisation routine in November 2022,
and used it since then to examine spectroscopic data of GMP
sources for the presence of stellar features and define the MUSE
target sample. At that date, six spectroscopic targets had been
already observed (see Observation date in Table 1). Conse-
quently, we applied this new decomposition method to the tar-
gets J0015-2526, J1059+0622, and J0052-3045. As discussed
in Sect. 6, this procedure turned out to be very effective in
identifying and removing AGN-star systems before spatially
resolved observations. As a consequence, the chance to observe
dual and lensed systems with IFU observations drastically
increases.
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2.2. Non-spectroscopic Gaia AGN candidates

We complemented the nine spectroscopic targets described
above with 3 systems from the Gaia AGN catalog selected
according to the procedure described below. We selected objects
with values of FMP above the adopted threshold of 8 (see
Sect. 2.1) among those classified as AGN candidates based
on the Discrete Source Classifier (DSC). DSC is a module
that classifies Gaia sources probabilistically into 5 classes:
quasar, galaxy, star, white dwarf, and physical binary star.
QSO candidates are identified by high values of the probability
parameter classprob_dsc_combmod_quasar, having values
between 0 and 1. We selected objects classified as very probable
QSO (classprob_dsc_combmod_quasar >0.97). This thresh-
old value was chosen as a compromise between reliability of
the classification and the number of observable targets. We also
required high values of two additional parameters provided by
the Quasar Classifier (QSOC, Delchambre et al. 2023) mod-
ule. The first parameter, Zgsoc, indicates the reliability of the
redshift estimated by Gaia, while the processing binary flag,
flags_gsoc, reports the potential errors that can occur during
the prediction process from QSOC. We considered sources with
Zgsoc above the threshold of 0.99 (out of a maximum of 1) in
order to obtain optimal redshift estimates and with the process-
ing binary flag flags_gsoc=0, indicating the absence of any
warning flags.

3. Observations and data reduction

All the objects were observed with VLT/MUSE, which pro-
vides optical, integral-field unit (IFU) spectra (programs ID:
109.22WS5 and 110.23SM, PI: Mannucci). This paper includes
data acquired until March, 2023. The main properties of the 12
observed targets are reported in Table 1. We used the 7.5 x7.5”
field of view (FoV) NFM of the instrument, assisted by the
AO system (GALACSI, Strobele et al. 2012) employing 4 laser
guide stars (LGS, Lewis etal. 2013). The spatially resolved
spectra obtained have a spatial sampling of 0.025” x 0.025” and
cover a spectral range from 4750 A to 9350 A with a resolv-
ing power ranging from 1700 in the blue to 3400 in the red.
In NFM-AO mode the range 5780-6050 A is blocked to avoid
contamination by sodium light from the LGS (Na Notch filter).
We employed slightly different observing strategies in P109 and
P110. For the former semester, we used 4 MUSE position angles
(PAs) rotated by 90 deg from each other, for a total exposure
time of 35 min per object. Having verified that 3 PAs are enough
to obtain a good sky subtraction and remove the instrument arti-
facts, in P110 we reduced the overheads by decreasing the PAs to
3, for a total exposure time between 19 min and 27 min per tar-
get, depending on the magnitude of each of them. To ensure the
highest quality observations and data accuracy, we require see-
ing full width at half maximum (FWHM) better than 0.8”” and a
fraction of lunar illumination less than 50%.

We reduced our data by using the processing pipeline for
the MUSE Instrument (Weilbacher et al. 2020) running under
the EsoReflex (ESO Recipe Flexible Execution Workbench,
Freudling et al. 2013) graphical environment. We used the stan-
dard workflow, subtracting the sky by extracting it from 50%
faintest parts of the field of view, away from the target, which
takes up only a small portion of the FoV.

In all cases, the target itself is used as reference star for the
AO system. We didn’t find problems in closing the AO loop
on these double targets if the total magnitude is significantly
brighter than the nominal MUSE limit of J ~ 18, depend-
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ing on seeing conditions. The AO system always provided an
excellent correction, and we measure FWHMs of the point-
spread-function (PSF) at ~7000 A between 0.14” and 0.17”.
J0052-3045 exhibits the worst PSF, with a FWHM ~0.17” in
the direction along the separation. Despite this, since the separa-
tion among the components is 0.44” (see Tab. 2), the two sources
are well distinguished even in this case.

4. Data analysis

MUSE data confirm that the GMP selection is able to suc-
cessfully recover multiple systems: all the 12 observed sys-
tems are resolved into two point-sources with separations
between 0.30” and 0.86”, within the expected range according
to Mannucci et al. (2022). In Figure 1, we show the cut-outs
extracted from the data cubes around the position of the tar-
gets, whilst in Figure 2 we present the spatially resolved spectra
extracted from the squared apertures shown on the images. In
all cases, the separations are much larger than the PSF FWHM,
therefore all the spectra are independent and can be used to sepa-
rately study the nature of each source and measure its properties.
The dimensions of the squared aperture could influence the data
by introducing corrections related to the PSF. However, these
effects remain consistent for both components. Hence, this does
not impact our analysis. Note that, given the limited Strehl ratios
(SR) of our observations, our spectra only contain part of the
total flux of the objects, the same fraction for the two compo-
nents of each system. Our results are not affected by this effect
because they are all based on relative quantities.

We modeled each spectrum with either an AGN or a
stellar spectrum. For AGN, we used the templates created
by Vanden Berk et al. (2001) and by Temple et al. (2021). To
account for the effects of interstellar dust extinction, we con-
sidered 3 different extinction laws to the AGN templates:
Calzetti et al. (2000), Cardelli et al. (1989), and an empirical
quasar extinction law presented in Temple et al. (2021). We fit
all the observed spectra with these AGN templates, by varying
E(B-YV) and the source redshift. For each dual and lensed AGN,
the best-fit values and classification are presented in Table 2.
Specifically, according to the quality of the fit, we used the
Cardelli et al. (1989) extinction law to correct both spectra of
J0402-3227, while for all other spectra we applied the empir-
ical extinction law established by Temple et al. (2021). On the
other hand, Galactic extinction has a limited impact due to the
high Galactic latitudes of the targets (|b| > 21°), and therefore is
negligible and ignored.

For stars, we used the same library as detailed in Sect. 2.1,
considering stars of G, K, and M spectral types. These stars have
much redder colors than AGN and, in most cases, their spectral
features dominate the red part of the spectrum. Stars hotter than
spectral type G are exceedingly rare far from the galactic plane;
thus we exclude them. Our fitting procedure tests all the possible
stars with different normalizations and selects the best one with
the x> method. We report all the results in Table 3.

For the systems classified as composed by two AGN, our
goal is to assess similarities and differences among the spectral
features of the two images and determine whether they are asso-
ciated to the same AGN lensed by a foreground galaxy, or to two
distinct quasars at small separations. In principle, the spectra of
the two images of a lensed system are expected to be identi-
cal, except for a normalization factor, since gravitational lensing
is an achromatic phenomenon. In practice, intrinsic variability,
microlensing, and differential dust extinction can introduce dif-
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Fig. 1. White light images (target name and separation of the two objects are reported on the figure). The spectra are extracted from the square
apertures plotted over the maps. Orange squares enclose the targets later identified as stars, while the confirmed AGN are displayed with violet
and light blue apertures (A and B components).

Table 2. Results of MUSE analysis of systems with two AGN.

Target F(2600) @  Sep (") Sep (kpc) Redshift E(B-V) Classification
001525268 1936 "0 = g gogs  Lensed AGN
005230458 132 040 3®2 S (03 Duil AGN
01023378 20 0866 ST 5 (g DuilAGN
052341558 04 0300 = J96 g5 Lensed AGN
08005208 144 O3 33 3 () Dual AGN
1030106228 613 0519 491 3500 gy Lensed AGN
posars a1 0 325 g g5y DmlAGN

Notes. “’Continuum at 2600 A in 1072 erg/cm?/s/A. Projected separations in kpc are computed at the redshift of the QSO.

ferences in the observed spectra and mimic the presence of a lem. In fact, the time delay between two images at sub-
dual system. arcsecond separations is a few days at most (Wambsganss
1. Variability can introduce differences between the spectra 1998; Lemon et al. 2024), while at the luminosities probed
when coupled with the different time delays between the in this work (Lyo = 10*~%7ergs™!), the BLR is expected
two images. In our case, this is not expected to be a prob- to extend for hundreds of light days (Bentzetal. 2013;
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Fig. 2. Spectra of the systems observed with MUSE (target name and redshift are reported in the panels). They have been extracted over the square
apertures marked on the white light images in Figure 1 (with the same color-coding). Vertical dotted blue lines mark the position of the main
expected emission lines. For J0052—3045, emission lines are plotted in light blue and violet as the redshift for the two AGN is not the same. The
star in JOOO7—0053 has been multiplied by ten to optimize the visualization. The gap around 6000 A is due to the New Generation Controllers

(NGC) deployed in adaptive optics.

Grier et al. 2019; Prince et al. 2023), and the narrow-lines to
be emitted over at least hundreds of parsecs. As a result, no
significant variations in line profile or line ratios is expected
due to this effect. However, small differences are expected in
the continuum and, thus, in the emission broad line equiva-
lent width (EW).

. While lensing is acromatic, microlensing, caused by com-
pact objects (for instance, stars) within the lens galaxy,
can produce chromatic effects. Microlenses differentially
magnify parts of the quasar emission regions, leading to

AS57, page 6 of 16

time- and wavelength-dependent changes in the flux ratios
of the images (Wambsganss 2006). Microlenses generally
act on source regions at scales that are comparable to or
smaller than a few micro-arcsec; that is, the size of their
angular Einstein radius. Consequently, it is possible that
both the quasar’s continuum region, such as the accretion
disc, and the broad line region will experience micro-lensing
effects. Given that magnification varies in relation to source
size, the power-law continuum emission of quasars will
exhibit greater magnification at bluer wavelengths, emitted
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by more compact regions (e.g., Mosqueraetal. 2013;

Jiménez-Vicente et al. 2015). This also applies to the emis-

sion lines with higher ionization, which are expected to be

subject to microlensing effects larger than those of the lower-
ionization ones. Line shapes can also be affected, since
different parts of the BLR could be differentially
magnified/de-magnified. In contrast, the narrow lines,
emitted over regions of hundreds or thousands of pc, are
not subject to any microlensing effect. Therefore, we have
to define if the differences in the continuum shape, the
discrepancies in line equivalent width and the deformations
in the line profiles can be due to the possible combination
of differential extinction and/or microlensing within the
lensing galaxy or not. The analysis of this phenomenon is

reported in Sect. 4.4.

3. The light paths corresponding to the different images of a
lensed system pass through different regions of the lens, and
can intercept different amounts of gas and dust. As a conse-
quence, the observed spectra could be characterized by dif-
ferent amount of dust extinction and different EWs of the
absorption lines associated with the lens. This is addressed
in Sect.4.1.

Absorption lines also provide information on the nature of the

system. If one lensed image exhibits one or more narrow absorp-

tion lines (NALs) at the quasar’s redshift (intrinsic NALSs), then
the other lensed image should also display the same feature. This
is because the intrinsic NALs reflect the gas composition within
the quasar. However, differences in the EW of NALs may arise
in the case of lensing, either due to microlensing or due to the
geometry of the lens, with the line of sight of each image cross-

ing different regions of the lens (e.g., Chartas 2007; Green 2006).

In contrast, dual AGN can present different lines shapes, both for

narrow and broad lines, and can easily have different absorption

features, since they are separated by few kpcs.

In summary, to assess the nature of all the systems in our
study, we jointly analyze the emitted spectra of both AGN,
focusing on the following properties:

— Redshift

EWs of the detected lines, and line profile.
Emission line flux ratios
Presence of narrow absorption lines
Continuum level and shape
If all these quantities are consistent within the uncertainty in
the two spectra, we classify the system as a lensed QSO candi-
date. Otherwise, significant differences lead us to identify them
as dual AGN. The number of quantities that show significant
differences between the sources is directly proportional to our
confidence in the dual nature of the system.

4.1. Cross-correlation

In order to automatize the classification of the system (lensed or
dual) through the comparison of the two spectra, we developed a
cross-correlation approach. This method employs 3 distinct sets
of free parameters, adapted to the characteristics of the examined
system through y? minimization.

The basic concept of our approach is to test if two AGN spec-
tra can be produced by a lensed AGN. We thus modify one of
the two AGN spectra in all the possible ways that are compatible
with the effects produced by lensing, with the aim of matching
the spectrum of the other AGN, applying our modifications step-
by-step as follows:

1. Initially, we cross-correlate the two spectra using two free
parameters only, namely, a shift in redshift and a magnifi-

cation factor in flux. In the case where the first parameter
significantly deviates from zero, i.e., the two components
show different redshifts, we classify the system as dual. In
the opposite case, if the shift is compatible with zero, if a
perfect match (within the errors) is obtained, the systems is
classified as lensed candidate, otherwise we proceed apply-
ing other modifications.

2. As a first refinement to the previous approach, we intro-
duce an additional free parameter that accounts for the dif-
ferent normalization between the continuum and the lines
that the two spectra display. This is possible in a lensed sys-
tem, because the continuum can vary on shorter timescale
as a consequence of the AGN intrinsic variability or of
microlensing effects, while the narrow lines are expected
to be stable. This is the case for J0015-2526 for example,
where we find that the spectra of the two components can be
matched by using two different normalization factors for the
continuum and the emission lines, differing by 67%. Conse-
quently, this system is classified as a lens.

3. As a second refinement, we multiply the observed spectra
for a second degree polynomial in order to account for pos-
sible differences in the extinction law between the two light
paths. This can happen as the images that we observe come
from the same source but pass through different regions of
the lensing galaxy. We proceed with this further correction
in the case of J0525-4153, where the two sources have dif-
ferent values of E(B — V), 0.155 and 0.014 respectively.

4.2. Line-fitting procedure

Another crucial step to classify the systems, distinguishing dual
from lensed AGN, entails the analysis of the spectral lines. To
analyze the emission lines, we fit multiple Gaussian functions
with different centers, amplitudes, and widths to each line in all
observed sources. Gaussian fitting with two components (i.e.,
one narrow and one broad) was employed for broad lines, in
addition to a power law for the continuum, while only one Gaus-
sian was used for the narrow lines. For all the lines of each
object, we measure the center and we quantify their EW. Cen-
tral wavelengths and EW values are reported in Table 4.

4.3. Presence of the lens

For all systems constituted by two AGN, we further explored the
possibility of identifying the lensing galaxy in our datacubes, as
expected in case of a lensed system.

First, we examined the broad-band image obtained by col-
lapsing the cube along the wavelength axis to look for the pres-
ence of a foreground galaxy. To increase the image sensitiv-
ity, we also produced separate images in 4 different wavelength
ranges (5300, 6500, 7100, 8700)/0% devoid of bright sky. No lens
galaxy is directly detected in any of these images of the systems
analyzed in this work.

Secondly, to identify potential faint or dust-obscured galax-
ies hidden by the presence of bright images of the lensed QSO,
we subtracted the contribution of the AGN and examined the
residuals. We fitted the PSFs by summing two 2D elliptical
Gaussian functions, and proceed to subtract the contribution of
the two AGN components. In all our systems, the observed resid-
uals can be attributed to an imperfect fit to the PSF, and no lens-
ing galaxy is unambiguously detected.

A lens non-detection is not a smoking gun to discard the
lensed AGN nature if the lens can be fainter than the detection
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limit. Thus, we investigate whether the luminosity upper limits
of the undetected lens can be used to exclude its presence and
therefore secure the dual AGN nature.

We can roughly estimate the expected luminosity of the lens-
ing galaxy as a function of its unknown redshift. We use half of
the observed separation as a proxy for the Einstein radius and
calculate the mass of the lens galaxy inside it as a function of
redshift (M,(z)) assuming a point-like mass distribution (e.g.,
eq. (21) in Narayan & Bartelmann 1996). We assume that the
lenses are early-type galaxies; in other words, the faintest sys-
tems for a given mass, as they have the oldest stellar populations.
Assuming that stars constitute the majority of the mass inside the
Einstein radius and that they follow a Sersic profile with an index
of n = 4, by using the mass-size relation in van der Wel et al.
(2014) we determine the needed stellar mass as a function of red-
shift. From this, we use Longhetti & Saracco (2009) to estimate
the K- and V-band magnitudes of the possible lensing galaxy as
a function of redshift. In every scenario, the possible lenses are
brighter if either at low redshift (low mass, but nearby galaxy) or
high redshift (close to the source, distant but very massive galax-
ies), and fainter for intermediate redshifts.

The resulting galaxies are then convolved with the PSF and
added to the datacubes and residual maps.

In all cases except J0402-3237, the lenses are expected to
be below the detection threshold at any redshift. In J0402-3237,
characterized by the largest separation of 0.67” and therefore
requiring the largest masses, the lens should be detected for any
redshift, and its absence can aid us in classifying the system as
dual rather than lensed.

In conclusion, for all the systems except J0402-3237, the
absence of a visible lens galaxy in MUSE data does not preclude
the presence of a lensing effect. The sensitivity of all spectro-
scopic data may not be sufficient to reveal extended objects with
low surface brightness and no bright emission lines, such as the
lensing galaxy. This limitation persists even with the subtraction
of the AGN PSF. The intricate structure of the PSF, influenced
by atmospheric conditions, remains the primary factor hindering
a clear delineation of the lens.

4.4. Gravitational microlensing

Several techniques can be used to unveil microlensing in lensed
quasars. In this work, we applied the so-called Macro-micro
decomposition (MmD) from Sluse et al. (2007), which is based
on comparing the differences in the (microlensed) continuum
and broad lines to those in the (un-affected) narrow lines,
once the macrolensing magnification is already accounted for.
This method enables an easy visualization of the differential
microlensing affecting the QSO spectrum.

As stated by Sluse et al. (2007) we assume that the spectrum
of an observed lensed image, denoted as F;(1), can be decom-
posed into two distinct components. The first component, F,,
exclusively accounts for macro-lensing effects, while the second,
Fyy, incorporates both macro and micro-lensing influences. We
also defined the macro-magnification ratio between image 2 and
image 1 as M = M,/M,(>0), the relative micro-lensing factor
between the images as u, and A is the scaling factor between the
F, and F'; continua.

The behaviors of ¢ and M exhibit distinct characteristics. The
factor M may vary with wavelength due to differential extinc-
tion in the lensing galaxy. On the other hand, u is presumed to
remain constant within the limited wavelength range covered by
a line profile, but chromatic microlensing may occur due to the
wavelength dependence of the source size; the blue continuum-
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emitting region may be smaller and more microlensed than the
red one.

Hence, we calculated u and M in close proximity to each emis-
sion line for every system.

To definitively assess the presence or absence of the
microlensing effect, one needs to consider two lensed images
and determine both components, Iy, and Fyy,, using the follow-
ing equations:

F1=MXFM+MX/1XFM#
FZ:FM+FM,u

Up to a scaling factor, Fy only depends on A, while Fyy,
depends solely on M. The A parameter can be accurately deter-
mined as the value for which Fj/(A) = 0 in the continuum
adjacent to the line profile. Assuming A remains constant along
the line profile, F,; exclusively reflects the contribution from
the emission profile. If we assume that a part of the observed
emission experiences only macro-amplification (without micro-
amplification), we can estimate the macro-amplification factor
M. Given the relation A = M xu, we can then estimate the micro-
amplification factor u for the continuum at the wavelength of the
line profile. On the other hand, if the emission line is ampli-
fied exactly like the continuum, microlensing cannot be distin-
guished from macrolensing.

5. Results

The details of the resulting classification are listed in Table 3 for
the 5 AGN/star associations, and in Table 2 for the seven dual
AGN or lensed QSO candidates. Following the cross-correlation
procedure described in Sect. 4, we classify 3 objects as lensed
AGN candidates and 4 as dual systems.

We classify J0015-2526, J0525—4153, and J1059+0622 as
lensed AGN candidates since their components exhibit overlap-
ping spectra, with similar trends in continuum and EW for all the
lines.

On the other hand, J0052-3045 is a clear dual system
because its spectra show a significant difference in the lines
on the NLR and in redshift, estimated to be Az = 0.010
(~3000 km/s) through cross correlation analysis. However, this
value could be smaller due to the absence of narrow lines in one
of the AGN (light blue in Fig. 2) making it difficult to accurately
estimate the redshift. As a result, its measurement relies solely
on the broad narrow line Mgll, which exhibits a distinctly dif-
ferent profile between the two components. In the other cases
(J0402-3237, J0840-0529, and J2228-3047), the spectra reveal
different EWs and line ratios. In J0402-3237 and J2228-3047,
the continuum also differs. Additionally, in the latter object, the
largest difference is observed in the EW of the iron lines, specif-
ically in the region around 7000 A.

We note that some spectra reveal the presence of NALs from
intervening material. Here, we only discuss the absorption fea-
tures of J0052-3045, which are used for the classification of
the system. The other absorption systems will be described in
a future work.

In the following, we describe the properties of each of the
observed systems and the procedure followed for their final clas-
sification.

5.1. AGN+star

5 of the observed systems are associations of an AGN and a fore-
ground star (see Table 3). Figure 2 presents the MUSE spectra
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Table 3. List of AGN+star systems observed in the sample, with their
angular separation and best-fitting stellar type.

Target Sep (")  Star type
J0007+0053  0.78 K7
J0128-0444  0.86 M7
J0545-2236  0.52 M6
J2139-4331 0.82 K5
J2211-0009  0.56 MO

of these 5 systems, where the orange line shows the spectrum
of the star. The classification of the secondary system as a star
is performed through the technique presented in the previous
section; that is, by finding the best-fitting stellar spectrum. Two
of these systems, JO007+0053 and J2139—-4331, have previously
been observed and studied by Lemon et al. (2020). In that work,
J2139-4331 was already classified as an AGN+star system, a
classification confirmed by our spectra, while no classification
was provided for JO007+0053 due to the limited (seeing-limited)
spatial resolution.

Moreover, it is noteworthy that among these systems, the separa-
tion of J2139—4331 measured by MUSE data (0.82") differs sig-
nificantly from the Gaia measurement (0.666””). This disparity
can be attributed to the high proper motion of the star measured
by Gaia.

5.2. Lensed AGN systems

Both the components of the seven remaining systems show AGN
spectra. We start by describing the results of the MUSE spec-
tral analysis for the 3 systems classified as lensed AGN candi-
dates. The values of all the spectral features described below are
reported in Table 4.

5.2.1. J0O015-2526

The classification of this system as a lensed AGN candidate is
based on the striking similarity of the two spectra, and confirmed
through the cross-correlation discussed in Sect. 4.1 and shown
in Fig. 3. For JO015-2526, we quantified a magnification factor
for the emission lines (Fact_lines) and applied a correction to
this value to reproduce the continuum (Fact_cont). The use of
two different values is needed because the continuum could be
affected by microlensing and could show variability on a short
timescale (e.g., Fian et al. 2018). The correction factor obtained,
67%, is in agreement with this scenario. The values of these two
scaling factors are reported in Fig. 3.

In the spectra of JO015—-2526 there are six detected lines, of
which Mgll12798, Ho 44103, and Hy 14342 were fitted follow-
ing the procedure explained in Sect. 4.2. Gaussian fitting with
two components (i.e., one narrow and one broad) was employed
for Mgll, in addition to a power law for the continuum, while
only one Gaussian was considered to model the Balmer lines due
to the lower S/N. Central wavelength and EW values were com-
puted for each line, and were found to be consistent between the
two AGN. Additionally, the two sources have the same emission
line flux ratios within the errors, providing strong evidence that
this is indeed a lensed system. Notably, the Hs/H, ratio, which is
determined from two narrow lines, is perfectly equal in the two
components.

J0015-2526
1000 Shift z = 0.000
T Fact_lines = 0.81
3 800 Fact cont = 1.36
I
Hg Mgll
'\ 600
5
& 400 9 Nelll
) e
2 \ Hs Hy
=}
o AN
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Wavelength[A]

Fig. 3. Cross correlation JO015-2526_B (light blue AGN spectra): mul-
tiplied in flux and shifted to the same redshift by the quantities indicated
in the labels. Color-coding as in Fig. 2.

Since JO015-2526 is classified as a lensed system, we tried
to identify the lens as we explained in Sect. 4.3.
First, we produced 4 images in 4 wavelength ranges devoid
of bright sky lines, i.e.: 1 = (5300,6500,7100,8700) A. We
summed these images to search for any possible lensing galaxy
in the field. The lens galaxy is not detected, in either the summed
image or the partial images.
Second, we investigated the possible properties of a lensing
galaxy to test if its non-detection in the MUSE datacube is con-
sistent with the lensed AGN nature of J0015-2526. Based on the
measured quasar redshift (z = 0.970). We tested this for 3 lens
redshifts: 0.25, 0.50, 0.75. For each redshift value, as explained
in 4.3, we derived the mass enclosed by the Einstein ring, and
used van der Wel et al. (2014) and Longhetti & Saracco (2009)
to assess the size and magnitude. We then simulated the 3 galax-
ies assuming a Sersic profile with n = 4 and we add each galaxy
to our data. With these magnitudes (G > 21.8, 22.5, 22.0, respec-
tively), none of the tested lensing galaxies is brighter than the
limiting sensitivity of our data (G ~ 20, estimated by adding
compact galaxies of various brightness to the data). Furthermore,
we observe some absorption lines in the spectra of JO015 that are
indicative of an intervening absorber at z = 0.75. The lens corre-
sponding to this redshift could be a typical elliptical with mass
M = 10" Mg, and an effective radius Rz = 0.4”, with a magni-
tude of G = 22.4, thus undetectable in our data.

5.2.2. J0525-4153

The AGN J0525-4153, at z = 2.155, is the first observed object
selected from the Gaia catalog without a previous spectroscopic
confirmation. The cross correlation, obtained by also considering
a second degree polynomial for a supplementary difference in
the extinction, clearly shows a close match between the spectra
(Fig. 4). Continuum and lines are perfectly overlapping, as well
as the several narrow absorption lines, strongly suggesting that
this is a lensed AGN.

To study the emission lines, we primarily focus on the MglIl
and CIV emission line components, which we analyzed through
the Gaussian fitting procedure. For the MgllI emission line, we
employed two Gaussian profiles and a power-law component,
while in the case of the CIV line we made a fit with a Gaus-
sian and a power-law profile only. We estimated the equivalent
widths of both lines, which were found to be compatible, yield-
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Table 4. Summary of the observed spectral features discussed in Sec-
tions 5.2 and 5.3.

Feature Comp. A Comp. B
J0015-2526
EW(Mgll) 56+ 6 111 +12
EW(H9J) 24 + 4 33+7
EW(Hy) 64+6 97 +7
Mgll/Hy 21+05 27+0.6
Mgll/Hé 46+1.0 6.8+ 1.5
Hy/Ho 22+0.5 25+0.6
Ao(Mgll) 5513.9+0.3 5514.7+0.2
J0052-3045
EW(MglI) 355 +40 174 £ 20
AoMgll) 6890.2+1.3 6855.3+0.5
J0402-3237
EW(Mgll) 128 + 13 326 + 37
EW([NeV]) 11.9+09 15+6
EW([NelllI]) 89+13 13.5+1.2
Mgll/[NeV] 14+1 29+6
Mgll/[NellI] 29+7 41+9
[NeV]/[NellI] 2.1+05 14+03
Ao(Mgll) 6381.0+0.3 6381.1+0.3
J0525-4153
EW(MglI) 83+ 10 102 £ 12
EW(CIV) 60+ 18 175+5
MglII/CIV  0.24+0.05  0.29 +0.06
Ao(Mgll) 8851.1+04 8856.5+04
Ap(CIV) 48784 +03 4877.9+0.3
J0840-0529
EW(Mgll) 24 +3 41+4
Ao(Mgll)  6677.0+04 6670.8+0.4
J1059+0622
EW(Mgll) 231 +26 174 + 20
EW(CIV) 230 + 26 118 +3
MgIl/CIV. 048 +0.11  0.64 +0.15
AoMgll) 8979.7+0.8 89833 +1.2
Ao(CIV) 49464 +04 4948.0+0.9
J2228-3047
EW(MglI) 46 +£5 63+7
EW(CIII]) 132+ 14 110+2
Mgll/CIII] 024 +0.05  0.38+0.09
Ao(Mgll) 82582 +0.3 8262.8+0.5
Ao(CII]) 5617.1+1.2 5620.0+1.9

Notes. EWs are reported in A.

ing mutually consistent line ratios (MgIl/CIV). Moreover, we
observed that CIV is blue-shifted by the same velocity in both
spectra, providing further confirmation of the lensed nature of
this system.

Additionally, we identified the presence of intervening NALSs
at the same observed wavelength in both spectra, suggesting
that they originate from the same gas along the line of sight
of the quasar. We identify the observed lines as Fell12382,
FellA2585, Fell12600, Mgll12796 and MglIIA2803 at z = 1.597
and z = 1.889. These intervening NALs could be due to the
lens galaxy located between the two AGN images, or they could
be associated with other objects along the line of sight.. Further
investigation of the NALs could yield even more detailed infor-
mation about the lens galaxy and other intervening objects, their
redshift and chemical abundances. However, as in the previous
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Fig. 4. Cross correlation J0525-4153_B (light blue AGN spectra): mul-
tiplied in flux and shifted to the same redshift by the quantities indicated
in the labels. Color-coding as in Fig. 2.

case, our data are not deep enough to detect the lens in a system
with this configuration.

In summary, our analysis of the spectra of J0525-4153 has
provided strong evidence supporting its identification as a lensed
AGN candidate.

5.2.3. J1059+0622

J1059+0622 was previously analyzed by Lemon et al. (2017)
who classified it as a lensed candidate based on variability.

The spectra of J1059+0622 exhibit the presence of 3 emis-
sion lines, although one of them (CIII]) is partially lost due to
the LGS gap (see Fig. 2). Since the spectra seem to be appar-
ently similar as is the case for gravitationally lensed sources, we
tried all the cross-correlation types to test this scenario. How-
ever, none of the tested spectral modifications produce perfectly
overlapping spectra and a clear difference in CIV line is always
present.

We fit Mgll and CIV lines with a Gaussian component plus a
power-law for the continuum (dotted violet and light blue lines in
Fig. 5). The estimated EWSs and line ratio MgII/CIV for the two
components differ significantly. We report the obtained values
in Table 4. Since these differences can be caused by microlens-
ing, we tested the presence of this effect with the MmD proce-
dure of Sluse et al. (2007) (described in Sect. 4.4). Applying it
to both the observed spectra and the dereddened ones, we identi-
fied a plausible scenario involving microlensing of the contin-
uum along with differential extinction, potentially attributable
to a lensing galaxy. The derived MmD values for the CIV and
MglI in the observed spectra are as follows: A = 1.0, 0.53,
M =0.38, 0.32,and i = 2.63, 1.66, respectively. The difference
of the value of M for the two lines is compatible with the differ-
ential extinction A(E(B — V)) = 0.73 reported in Table 2, thus
these values are perfectly compatible with differential extinc-
tion plus microlensing of the continuum (Sluse et al. 2012). The
same interpretation holds for the dereddened spectra, for which
we obtain the following MmD values for the CIV and MgII lines:
A=03,011,M =0.26, 0.16, and u = 2.73, 1.62 (Fig. 6). Also
in the dereddened spectra, the weak deformation of MgII can be
due to residual differential extinction. This might be related to
the empirical extinction law applied during the dereddening pro-
cess (Temple et al. (2021), Sect. 4), however, we evaluated the
robustness of the decomposition with the “pre-processing” of the
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spectra by applying the decomposition on the dereddened spec-
tra. The discrepancy in E(B— V) could be ascribed to differential
reddening of the two AGN images due to the two distinct lines
of sight that probe different regions of the lensing galaxy. There-
fore, the spectra are consistent with coming from two images of
a single, lensed source.

Another indicative feature that prompts consideration of a
lensed system is the presence of intervening NALs at a redshift
of 1.19 in both spectra. These may potentially be generated by
the lens at this particular redshift. However, there is no hint for
residual contamination by a potential lensing galaxy. Applying
the procedure outlined in section 4.3 similarly to what done for
JOO015, a typical lensing galaxy at z = 1.19 would not be detected
in our data and neither would be if placed at a different redshift,
given that the limiting magnitude of the MUSE observation is
G ~ 20.5. Thus, a lens non-detection is not a good enough reason
to discard the lensing scenario for this source.

In summary, the most plausible classification for this system
is a lensed AGN. Variations in the equivalent widths, preventing
a perfect cross-correlation, are likely a result of microlensing and
differential extinction.
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Fig. 6. MmD decomposition following the procedure in Sluse et al.
(2007) on the dereddened spectra of J1059+0622. The upper panel
shows the CIV line, while the lower panel displays the MglI line. The
resulting values of the relevant parameters are reported in the figure

5.3. Dual AGN systems

In the following, we present the results of our MUSE data anal-
ysis of the 4 systems classified as reliable dual AGN.

5.3.1. J0052-3045

J0052-3045 stands out among the analyzed AGN as it exhibits
clear differences in redshift, line position, and line profiles, indi-
cating that this is a genuine dual system (see Fig. 2). The Mgll
line is present in both spectra, with a different shape and a veloc-
ity shift of approximately ~1000km/s, corresponding to red-
shifts of z = 1.455 and z = 1.445 for the two components (see
Table 4). This shift cannot be attributed to variability in the line
profile since the expected time delay between different lensed
images is a few days at most. Furthermore, shape and line ratios
of narrow emission lines (i.e. [NeV] and [OII]) are very different.
These differences cannot be easily explained by the variability of
the quasar, hence they provide an additional evidence of the dis-
tinct nature of the two AGN.

Moreover, as we can see in Fig. 7, there are large differences
in the visible intrinsic absorption lines in the two distinct spec-
tra. The A component (violet) shows the MglII doublet in absorp-
tion at rest-frame wavelengths of 2796 A and 2803 A, ; in other
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Fig. 7. Enlargement of the MglIl doublet absorption lines of
J0052-3045. The lines are found at rest-frame wavelengths of 2796 A
and 2803 A. Color code is the same of Fig. 2.

words, at the same redshift of the QSO. Since these NALSs are
entirely absent in the second AGN, gas composition of the two
AGN is different, providing evidence that they cannot be two
images of the same source. The presence of these lines in only
one of the two AGN further supports the hypothesis of a dual
system, as one AGN has an outflow that is not visible in the
other. According to all our findings, J0052—-3045 is a dual AGN.

5.3.2. J0402-3237

The system in question was previously observed by Lemon et al.
(2020), who were not able to provide a reliable classification due
to the limited spatial resolution of their data. In fact, our MUSE
cubes fully resolve the individual components and allow us to
classify the system as a dual AGN. We de-reddened the spec-
tra of J0402—-3237 by using the MW attenuation, and noted that
the values of E(B — V) are markedly different between the two
components, namely 0.189 and 0.861. Notably, below 5600 A
the B component (light blue in Fig. 2) is very faint, resulting in
a very low signal-to-noise ratio, thus we exclude this portion of
the spectrum in the comparison. We tried to improve the match
between the two spectra by incorporating a second-degree poly-
nomial to account for potential variations in extinction between
the spectra.

Our analysis of the line ratios revealed numerous differences,
shown in Fig. 8 and quantified in Tab. 4. Specifically, the EWs of
MgllA2798, [NeV]13426, [Nelll]43869 and [Nelll]A43968 lines
are found to be larger in the fainter AGN (i.e., component B, in
light blue), while [NeV]13346 and [OII]13728 are more promi-
nent in the brighter one (i.e., the violet one).

Assuming it is a lensed system, we checked for the presence
of a lens or the effect of microlensing explained in Sects. 4.3
and 4.4.

J0402-3237 is the only case in which the lens is expected
to be visible in the white light image. For any possible lens
redshift, we conducted simulations of lensing galaxies, yielding
magnitudes below G < 21.5 (at z ~ 0.7). All of these simu-
lated lenses are detectable under the specific system configura-
tion of zgso = 1.28 and sep = 0.666”. However, despite these
efforts, we were unable to detect it, further strengthening our ini-
tial interpretation as a true dual AGN.

Using the MmD method of Sluse et al. (2007) on MgII12798
and [NeV]A43426 lines, we find that the microlensing event(s)
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that could explain the discrepancies between the spectra has a
rather strong amplitude, but still not unfeasible. If the observed
chromaticity is interpreted as microlensing, we would require M
to be the same for Mgll and [NeV] (M = 0.4). Anyway, this
is not supported by the data because it implies u = 1.65 (>1)
at the level of [NeV], but 4 = 0.37 (<1) at the level of MgIl.
This implies a full microlensing of the [NeV] line, which is not
possible. Hence, the observed chromaticity of the spectral ratio
as (only) chromatic microlensing is not viable. The alternative is
considering the possibility that the chromaticity in J0402-3237
results by differential extinction. In this case the quantity that
varies chromatically is M (Myenn = 0.4 and Myev = 1.4) while
4 remains constant (¢ = 0.37). We find that microlensing of the
full [NeV] line would be necessary also in this scenario, but it
is unfeasible as narrow lines are not affected by microlensing
(Sluse et al. 2007). Thanks to all the differences described above,
the lack of lensing galaxy and the microlensing analysis, we can
classify this system as a dual AGN (Table 4).

5.3.3. J0840-0529

J0840—0529 can also be reliably classified as a dual AGN since,
despite having the same redshift, the two spectra exhibit remark-
ably distinguishable characteristics. For example, the shape of
the MgII line is different in the two spectra, as it appears to be
narrower in the fainter AGN (component B, light blue one in
Figure 9).

Also the cross-correlation analysis clearly shows significant
differences in the CII and MgII emission lines, i.e.; the line flux
ratio between MglI and CII is significantly different. In addition,
we calculated the EW of MglI for both the AGN, following the
analysis explained in Sect. 4.2 and fitting the line with two gaus-
sian and one power-law. It turned out to be significantly different,
24 + 3 for component A vs. 41 + 4 for component B.

As detailed in section 4.4, we employed the MmD method
of Sluse et al. (2007) to examine whether the variations in line
shape, EWs, and line ratios could be attributed to microlens-
ing. It is not possible to get a plausible decomposition of MgII.
The profile deformations are so pronounced that only the case
of microlensing acting stronger on the lines than on the contin-
uum could explain the observed properties. Such an event very
unlikely, since microlensing is expected to be stronger on the
continuum and less evident on the lines. Consequently, the case
of a dual scenario with two distinct AGN is more plausible.

5.3.4. J2228-3047

Both AGN of J2228-3047 display prominent emission lines of
Mgll and CIII]. Several characteristics suggest that this is a dual
system. We fit the CIII] line with one Gaussian component plus a
power law for the continuum, whereas we added a second Gaus-
sian for the broad-line contribution in the fit of the MgII line
(Fig. 10). The fits indicate that the difference in the line central
wavelengths in the two AGN is too large to be due to variability
of a single source over a few days. We also calculated the EWs
of the narrow lines of Mgll and CIII] and their line ratio. Val-
ues are significantly different between the two components, see
Table 4. Furthermore, the cross-correlation analysis also shows
intrinsic differences in the EWs of the iron lines.

Still, this system could be a lensed AGN if microlensing
affects the continuum solely through flux magnification and the
Mgll line through deformation of its shape. We try to systemat-
ically apply the MmD (Sluse et al. 2007) of J0840-0529 to see
if we can get a plausible decomposition of it. Data are rather
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Fig. 9. Mgll line of J0840—0529’s components, color-coded as in Fig. 2.
To optimize the visualization, the B component has been multiplied by
the factors in the label.

noisy, and consequently, the decomposition is uncertain. At the
beginning, the data seem to be compatible with a lensing hypoth-
esis implying a microlensing of the continuum u 0.7 and
a small line deformation of Mgll (but not of the CIII] com-
plex). This hypothesis necessitates an additional minor differen-
tial extinction or intrinsic variability to account for the observed
differences (around 20%) between CIII] (M = 0.4) and Mgl
(M = 0.32). On the other hand, the absence of a consistent
decrease or increase in the flux ratio between the blue and red
wings of these lines suggests to us to exclude the lensing hypoth-
esis. This may be harder to explain if u is effectively achromatic
as was suggested by the 2 lines analyzed. Consequently, we can-
not completely dismiss the microlensing hypothesis, particularly
given the low S/N.

Nonetheless, the results of the analysis of J2228—-3047 fur-
ther suggest the possibility of the duality of this system.
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Fig. 10. Upper panel: Cross correlation J2228-3047_B (light blue AGN
spectra): multiplied in flux and shifted to the same redshift by the quan-
tities indicated in the labels. Lower panel: Fit to the MglI line of both
components of J2228-3047. Color-coding as was in Figure 8.

6. Discussion and conclusions

We used spatially resolved, AO-assisted spectroscopy with
MUSE-NFM to unveil the nature of 12 multiple AGN
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candidates selected through the GMP method (Mannucci et al.
2022); that is showing multiple peaks in the Gaia light profile,
at redshifts between 0.3 and 2.9. Nine of the targets have been
selected from objects with previous spatially unresolved spec-
troscopy (Sect. 2.1), and 3 from the Gaia QSO candidate cat-
alog (Sect. 2.2). GMP-selected objects could be either, physi-
cally associated dual AGN, or, gravitationally lensed systems,
or an AGN projected close to a foreground Galactic star. Spa-
tially resolved observations allow us to obtain individual spectra
for both components of each target and derive a reliable clas-
sification of the systems. A novel decomposition routine, based
on reproducing the available, spatially unresolved spectrum of
the systems with a combination of an AGN and a stellar spectra
(see Sect. 2.1) was used to remove targets with clear hints of the
presence of a foreground star.

The spatial resolution of our AO spectra, having PSF
FWHM ~ 0.15”, allows us to resolve all the sources. All the
targets in our sample present two components, with separations
between 0.30” and 0.86” (Fig. 1). This confirms that the GMP
method is very effective in successfully recovering multiple sys-
tems with separations below 7 kpc at z > 0.3.

5 systems turn out to be associations between an AGN and
a foreground star. We examine the remaining seven AGN pairs
using multiple steps to determine whether the systems are lensed
QSOs or dual AGN (Sect. 4), taking into account all the possi-
ble sources of differences between the spectra of the different
components of a lensed QSO (intrinsic variability, microlensing
effects, and differential dust extinctions). For this, we have com-
pared the two spectra by applying different possible distortions
due to these effects. We have also compared the position, fluxes,
and line profiles of the emission lines, and looked for the possi-
ble presence of lens galaxies. The possible effect of microlens-
ing was considered using the MmD decomposition presented in
Sluse et al. (2007).

This accurate analysis of the spectra allowed us to unveil
the nature of all the seven AGN pairs (Sect. 5). We classified
4 dual AGN, and 3 lensed QSOs candidate, as was outlined in
Table 2. Hence, this work significantly increases the number of
sub-arcsec separation lensed and dual AGN to date.

As has been reported by Mannucci et al. (2023), to date there
are 15 confirmed dual AGN at z > 0.5 with projected sepa-
rations below 7 kpc, including the 4 new sources classified in
this work. Future observations from the ground (especially with
VLT/MUSE, VLT/ERIS, and Keck/OSIRIS) and from space
(HST/STIS, JWST) are expected to reveal more of these sys-
tems, hence largely increasing the number of confirmed dual
AGN, as well as sub-arcsecond lensed systems.

This sample is still too small to derive meaningful statisti-
cal information, but it is rapidly growing. In the near future,
it will be possible to start testing many of the predictions of
the models of SMBH merging, such as the SMBH mass func-
tion, distribution of separations, fraction of multiple AGN over
the general population of quasars, and their evolution with
redshift (e.g., Rosas-Guevara et al. 2019; Volonteri et al. 2022;
Chen et al. 2023a). Moreover, the compact lensed systems that
we are discovering will allow us to sample the inner part of the
lensing galaxies and measure the mass of the baryonic compo-
nent in regions where the dark matter component is negligible
(e.g., Smith & Lucey 2013).
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Appendix A: Estimation of QSO near-IR colors from
Gaia photometry

The TT star wavefront sensor used by MUSE-NFM can only
work on-axis, i.e, using the science target itself as TT star. For
this reason it is necessary to select targets that are bright enough
at near-IR wavelengths to obtian a good AO correction. In most
cases, the QSO are too faint to have measured J- and H-band
magnitudes by 2MASS (Skrutskie et al. 2006) or any other sur-
vey. For this reason, we have derived an estimate of these mag-
nitudes from a linear combination of the observed Rp and Bp
magnitudes from Gaia. We have considered all the QSO with
observed J- and H-band magnitudes, mostly from 2MASS, and
computed the combination of the two Gaia magnitudes minimiz-
ing the difference between the observed and predicted magni-
tudes. The derived relations, together with their scatter, are:

J=Rp—082%(Bp—Rp)—026, o =027 (A.1)

H=Rp-089%(Bp—Rp)—092, o =031 (A.2)

These relations are shown in Fig. A.1. The observed scatter
is small enough to obtain a reliable value of the expected near-IR
mag to
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Fig. A.1. Comparison between the observed J- (left panel) and H- (right
panel) magnitudes and the values derived from the Bp- and Rp- Gaia
magnitudes using equations A.1 and A.2. Each point is color-coded with
the observed (Bp-Rp) color. The solid line shows the one-to-one rela-
tion, the dotted lines report the observed scatter around this relation.
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